Cells of Bacillus subtilis strains 168 and W23 deprived of an amino acid or a base on a given solid medium were found to develop competence. We describe a rapid and simple method of genetic transformation of this organism consisting in spreading a sample containing 1 pg DNA and lo7 exponentially growing cells of an auxotrophic mutant onto plates devoid of the required amino acid or base. After overnight incubation, about 100-200 prototrophic transformants per plate were obtained, i.e. a frequency of about compared to routinely obtained by the method of transformation in liquid medium with frozen competent cells. Plasmids and other chromosomal or plasmid-borne markers, which cannot be directly selected for, were transferred by congression. The dependence of the transformation efficiency on cell density, medium richness, incubation time and the nature of transforming DNA was investigated. We conclude that the development of competence accompanies amino acid or base starvation of cells under appropriate ph ysiolog ica I conditions. as
INTRODUCTION
Bacillzls s~btzli.r is a Gram-positive bacterium capable of developing competence and undergoing DNA-mediated transformation (Dubnau, 1991) . Spizizen (1958) and Anagnostopoulos & Spizizen (1961) described the conditions under which cells growing in liquid medium attain the state of competence allowing uptake of donor D N A and transformation. This method, which results in relatively high transformation frequencies with appropriate strains, has undergone a few minor modifications but is still in use. The process of obtaining competent cells is rather delicate, and takes 5-6 h. Therefore, more recently, competent cells were frozen and then thawed before use. This was accompanied by a 5-lo-fold lower transformation efficiency. To simplify the preparation of competent cells, several methods have been proposed. Ephrati-Elizur (1 965) described a method involving 60 min growth followed by 30 min exposure to transforming DNA. Transformants were obtained at a frequency of to However, to obtain reproducible results, the overnight culture must be inoculated with a defined number of spores. Thus, the method requires preliminary preparation, purification and counting of spores. Tanooka (1973) proposed spreading a mixture of germinating spores of an auxotrophic strain and wild-type D N A onto plates which were only partly supplemented for the recipient's requirement. Development of competence occurred on the plates and transformants arose at a frequency about 100-fold lower than that obtained in parallel crosses performed by the method of Anagnostopoulos & Spizizen (1 961). However, the absolute frequency of transformation was not calculated. In addition, the method requires preliminary determination of the concentration of the limiting amino acid in the plates. Recently, Kunst et al. (1994) described a protocol in which competence was attained 60 min after the end of the exponential phase in a minimal medium containing glutamate and casein hydrolysate. Nevertheless, although this method is much simpler than that of Anagnostopoulos & Spizizen (1961) , it still takes several hours. Galizzi e t al. (1976) , and subsequently Hahn e t al. (1987) , achieved transformation by simply replicating fresh colonies onto selective plates seeded with donor DNA. However, this method, used for screening purposes, was not quantitative. In this paper we describe a simple and rapid transformation procedure on solid media which yields about (Karamata & Gross, 1970) , containing, per litre: tryptone (Difco) 10 g, yeast extract (Difco) 5 g, NaCl 10 g, agar (Gibco) 1 2 g , thymidine 2 0 m g ; pH 7.0. TS niedium (Karamata & Gross, 1970 ) is Spizizen minimal medium, containing, per litre: (NH,),SO, 2 g, K,HPO, 14 g, KH,PO, 6 g, trisodium citrate dihydrate 1 g, MgS0,.7H20 0.2 g, glucose 5 g and supplemented with MnSO, 0.85 mg, sodium glutamate 5 g and yeast extract (Difco) 0.01 g. When required, 20 pg ml-' of amino acids and 50 pg ml-' of bases were added to this medium.
DNA preparation. Chromosomal DNA was prepared according to Marmur (1961) , and purified by centrifugation 011 CsCl density gradients (Maniatis et a/., 1982) . Plasmid and bacteriophage DNA were prepared as described by Del Sal et a/. (1988) and Grossberger (1987) , respectively.
Transformation on plates. Cells grown on LA plates or spores, generated at 30 "C on SR medium slants or plates, were spread onto LA plates and grown overnight at 30 "C. The cells thus obtained were resuspended in sterile double-distilled water and their concentration determined either by counting or by nephelometric density (ND) measurements on an appropriate dilution. N D was measured on a Unigalvo (Corning-EEL) nephelometer. For cells originating from fresh colonies on LA plates, an N D reading of 100 corresponds to about 1 x 10' c.f.u. and 1-5 x 10' cells per ml. A 0.1-0.5 ml sample containiiig lo7 cells was mixed with 3-40 p1 of a DNA preparation (a total of 0.6-3 pg DNA) ; the mixture was spread immediately on appropriately supplemented TS plates (8.5 cm diameter) and incubated at 37 "C. Pooley & Karamata (1984) . They were centrifuged at 4 "C, resuspended at 0 "C in one-tenth of the initial volume of the supernatant, supplemented with 0.5% glucose and 1 5 % (v/v) glycerol, frozen in liquid nitrogen and stored at -80 "C. For transformation, 0.1 ml cells were thawed at 37 "C, added to a tube containing 0.1 ml supplemented transformation medium and 0.1 ml DNA (final concentration of 3-5 pg ml-'), and incubated for 60 min at 37 "C with shaking. They were then diluted in nonsupplemented transformation medium, plated onto appropriate TS plates and incubated overnight at 37 "C.
RESULTS AND DISCUSSION
T o achieve transformation from auxotrophy to prototrophy cells of B. subtilis strains 168 and W23, a mixture of donor DNA and recipient cells was spread on solid medium (TS) using the following protocol: (i) Cells from an overnight culture on rich medium (LA) were resuspended in double-distilled water and supplemented by donor DNA of different origin and degree of purity (plasmid, purified recombinant phage DNA, lysate of Escbericbia coli infected by recombinant phage or chromosomal DNA, either purified or not purified on a CsCl density gradient). (Table 2) . For strain 168, this frequency is one order of magnitude lower than that which we routinely obtain with thawed competent cells. However, strain W23 is not transformable in liquid medium with the standard protocol. That the prototrophic colonies were transformants was indicated by their absence (i) when DNA was treated with DNase prior to mixing with cells, and (ii) when both the donor and the recipient strain carried the same relevant auxotrophic mutation. The size of recombinant colonies, relatively small when compared to those obtained in parallel crosses performed by standard methods, suggests that competence development and DNA uptake took place on the plate after several hours of incubation.
Under the experimental conditions used, i.e. spreading 1 pg of DNA per plate (5675 mm2) which, for purified DNA, corresponds on the average to about 4 x lo1' molecules of 1.5 x lo' Da, we can calculate that each cell (about 1.2 pm2) is in contact with about 50 molecules of DNA. That this corresponds to a saturating DNA concentration is demonstrated by a congression of about 10% between unlinked markers purA16 and metB5 or ilvA1 even with 0.6 pg D N A per plate, i.e. a co-transfer comparable to that obtained in liquid medium at saturating DNA concentrations (data not presented).
Occurrence of high co-transfer during transformation on plates allowed the introduction, by congression, of plasmids carrying markers unsuitable for direct selection A method for B. sztbtilis transformation s The same plates were examined at 24 and 48 h.
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The marker ilvAl is not duplicated in the merodiploid strain GSY1127.
while those of ilvAl and trpC2 were by this method. A sample containing 2.4 pg of strain 168
IlvA' chromosomal DNA and 0.15 pg of concatemers of plasmid pMTL500C was added to M22 ihA1 recipient cells and spread on a TS plate. Plasmid pMTLSOOC, a replicative plasmid conferring chloramphenicol resistance, was constructed by N.P. Minton, Centre for Applied Microbiology, Porton Down, UK, and provided by M. Young, Aberystwyth, UK. About 20% of selected IhA' transformants were resistant to 5 pg chloramphenicol ml-'. Ligase treatment of the plasmid, leading to concatamer formation, greatly increased the frequency of transformation (data not presented), in agreement with previous observations showing that transfer of plasmid DNA requires a multimeric form (Canosi e t al., 1978; Mottes e t al., 1979) . Integration into the chromosome of non-replicative plasmids, introduced by congression, occurred at a frequency of about 1 YO among the selected transformants (data not presented). This relatively low efficiency may be related to the size of the chromosomal DNA insert and thus the probability of plasmid insertion into the chromosome.
To characterize some of the factors relevant for plate transformation efficiency, the incubation time and the medium composition were varied. At cell densities of less than 10' per plate, an additional 24 h incubation of recipients M22 and L5256 yielded many more transformant colonies ( clusion, preliminary observation of competence devel-. opment as a function of time and residual growth suggest that the key steps are the establishment of proper physiological conditions for colony growth, followed by amino acid or base starvation, while glutamate seems to act as an effector. Growth and starvation conditions on plates might well, to some extent, be related to those encountered in natural environments which were shown to be appropriate for efficient natural transformation (Graham & Istock, 1978; Lorenz et al., 1988) . DNA, which contains part of the fEaA operon (Albertini e t al., 1991 ; Hauser e t al., 1991) . About 50 % of selected IlvA' transformants were found to be motile, due to correction of the unlinked f l a A 15 mutation.
In conclusion, plate transformation offers a rapid and simple method for the following applications : (i) screening of gene libraries by spotting D N A preparations onto plates and identifying the relevant marker by direct or indirect selection, (ii) simultaneous construction of a series of strains through back-crossing and congression, (iii) measurement of co-transfer and recombination indexes, and (iv) introduction of replicative plasmids and, at a rather low frequency, integration into the chromosome of plasmids with relevant inserts, by congression with reference D N A able to correct the auxotrophic mutation responsible for the development of competence on plates.
